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Abstract

Coronavirus disease 2019 (COVID-19) is an infectious disease caused by a virus called “Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2).” In the majority of patients, infection with COVID-19 may be asymptomatic or may cause
only mild symptoms. However, in some patients, there can also be immunological problems, such as macrophage activation
syndrome (CSS) that results in cytokine storm syndrome (CSS) and acute respiratory distress syndrome (ARDS). Compre-
hension of host-microbe communications is the critical aspect in the advancement of new therapeutics against infectious
illnesses. Endogenous animal lectins, a class of proteins, may perceive non-self glycans found on microorganisms. Serum
mannose-binding lectin (sSMBL), as a part of the innate immune framework, recognizes a wide range of microbial micro-
organisms and activates complement cascade via an antibody-independent pathway. Although the molecular basis for the
intensity of SARS-CoV-2 infection is not generally understood, scientific literature indicates that COVID-19 is correlated
with unregulated activation of the complement in terms of disease severity. Disseminated intravascular coagulation (DIC),
inflammation, and immune paralysis contribute to unregulated complement activation. Pre-existing genetic defects in MBL
and their association with complement play a major role in immune response dysregulation caused by SARS-CoV-2. In order
to generate anti-complement-based therapies in Covid-19, an understanding of sMBL in immune response to SARS-CoV-2
and complement is therefore essential. This review highlights the role of endogenous sSsMBL and complement activation
during SARS-CoV-2 infection and their therapeutic management by various agents, mainly plant lectins, since antiviral
mannose-binding plant lectins (pMBLs) offer potential applications in the prevention and control of viral infections.
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Introduction

Coronavirus disease 2019 (COVID-19) is an infectious
disease caused by a new coronavirus called Acute Respira-
tory Distress Syndrome Coronavirus 2 (ARDS-CoV-2). On
January 30, 2020, as it had spread to 18 countries with four
countries confirming human-to-human transmission, the
World Health Organization (WHO) declared the Covid-19
outbreak as an international public concern. The disease

M G.S. Gupta
drgsgupta55 @gmail.com

1" Chitkara School of Health Sciences, Chitkara University,
Rajpura, Punjab, India

2 Department of Biophysics, Sector 25, Panjab University,

Chandigarh 160014, India

was announced by the WHO on March 11, 2020, as a pan-
demic. Over the last 20 years, there have been two more
CoV epidemics: (i) SARS-CoV, which has triggered a large-
scale outbreak in China and two dozen other nations, and
(ii)) MERS-CoV, which started in Saudi Arabia. Through
droplets or direct touch, COVID-19 is spread by human-
to-human transmission. In patients with pneumonia caused
by infection with SARS-CoV-2, fever is the most frequent
symptom, accompanied by dry cough. There are common
anomalies in CT scans of the patient’s lungs [1]. From mod-
erate common cold to life-threatening illness, COVID-19
may present symptoms of a wide range of diseases: acute
respiratory distress syndrome (ARDS), multi-organ failure,
and shock. Immune dysfunction, leading to what is called
‘cytokine storm syndrome (CSS),” which results in the
release of pro-inflammatory cytokines and ARDS in 15-20%
of severe Covid-19 patients, is the main step in transforming
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mild disease into severe illness. In order to minimize the
subsequent effects, it is important to detect cytokine storms
early in the course of the disease. After SARS-CoV and
MERS-CoV in the twenty-first century, SARS-CoV-2 has
been labeled as a new highly pathogenic coronavirus in the
human population. In addition to the strict global outbreak
control that has been adopted, the incidence of COVID-19
continues to increase, contributing to the pandemic disease
that infected more than 100 million individuals until Janu-
ary, 27,2021, and causing 2.16 millions deaths worldwide,
thus representing an extremely serious threat to human life.
Despite, current sufficient-scientific efforts, there are a num-
ber of gaps in the understanding of the immunological basis
of CSS in severe COVID-19 patients. Therefore, this article
reviews the present knowledge of the complement system
of immune activation, the role of mannose-binding lectin
(MBL) and manifestations of serum MBL (sMBL) levels
during the early onset of COVID-19 and (ii) to review and
recommend the mannose-specific antiviral plant lectins for
the prevention and treatment of COVID-19 patients.

SARS-CoV-2 virus

The SARS-CoV-2, responsible for the etiology of COVID-
19, appears to be very infectious since it has spread rapidly
globally. The new virus, initially named 2019-nCoV, was
later named the SARS-CoV-2 virus, because it is very simi-
lar to the one that triggered the outbreak of SARS (SARS-
CoVs). CoVs are the primary pathogens of emerging out-
breaks of respiratory diseases including ARDS and can be
isolated from various species of animals. CoVs belong to
a large family of single-stranded RNA viruses (4 ssRNA).
These viruses can cross barriers to organisms and can cause
diseases ranging from common cold to more serious diseases
in humans.

The magnitude of SARS-CoV-2 infection depends on
environmental conditions. Climatic conditions are impor-
tant for respiratory disorders, although the controversial
effects of the climatic conditions have been reported against
COVID-19. SARS-CoV-2 infection can cause cardiac injury
via multiple mechanism, including the cytokine storm.
These responses lead to multi-organ failure. The clinical
results of COVID-19 on patients with cardiovascular dis-
eases and cardiopulmonary injuries have been reported [2].
COVID-19 accelerates the pathogenesis of the neurological
disorders, although the pathogenic mechanisms between
COVID-19 and neurological disorders are not very clear [3].

Structure of coronavirus

Li et al. [4] have depicted the phylogenetic tree of SARS-
like coronaviruses and their full-genome sequences. The
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coronavirus virions are spherical in shape with diameters
of approximately 125 nm [5] under cryoelectron micros-
copy. Prominent characteristics of coronaviruses are the
club-shaped spikes on the surface of the virions. These
spikes appear as a structure similar to a solar corona, from
which the term "coronavirus" was derived. The nucleo-
capsids are helically symmetric and are filled with the
virion’s envelope. Coronaviruses proteins are marked by
a letter S (protuberance), E (envelope), M (membrane),
and N (membrane) (nucleocapsid) according to their posi-
tion on the virus. Certain virions, in subgroup A, have
characteristic hemagglutinin esterase activity. The SARS
coronavirus S protein possesses a specific binding site for
viral entry into the host cell.

Surface-located envelope spike (S) is a glycoprotein,
which mediates the entry of CoV in human cells [6]
(Fig. 1). In most cases, the S protein is divided by host
proteases into subunits of S1 and S2, responsible for angi-
otensin-converting enzyme 2 (ACE2) as receptor recog-
nition and membrane fusion, respectively. The ACE2 is
recognized as a receptor-binding domain (RBD) by both
the N-terminal domain (NTD) and the C-terminal domain
(CTD) of CoV S1 [7]. The interaction site of the S protein
for ACE2 has been examined by Wang et al. [7].

SARS-CoV-2 infects human cells by binding to ACE2
and the transmembrane serine protease 2 (TMPRSS?2) for
priming of the spike (S) protein of the virus. The activity
of the endosomal/lysosomal cysteine proteases cathepsin-
B and -L (CTSB and CTSL) can also be required for the
entry of the virus, but their activity is likely to be dispen-
sable [8].

Glycosylated S protein interacts with multiple immune
receptors

During host cell invasion, spike (S1) glycoprotein binds to
receptors on cell membranes, such as ACE2 [9, 10]. Densely
glycosylated with multiple asparagine-linked (N-glycans)
and a few serine/threonine-linked (O glycans) [11, 12] in the
S1 of SARS-CoV-2 presents ligands for a variety of innate
immune receptors, including C-type lectin receptors (CLRs)
that are known to bind specific glycans mostly in a C-type
lectin-dependent manner [13]. C-type lectin receptors, such
as “DC-SIGN (dendritic cell-specific intercellular adhesion
molecule-3-grabbing non-integrin), L-SIGN (lymph node-
specific intercellular adhesion molecule-3-grabbing integ-
rin), MMR (macrophage mannose receptor), macrophage
galactose-type lectin (MGL), and Dectin-2, are highly
expressed within the human immune cells, including mono-
cytes, macrophages, and dendritic cells, functioning as the
first-line of defense against invading viruses and pathogens”
[13-16].
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Fig. 1 Start of entry of SARS-CoV-2 (day 1) affecting innate immune response (days 3-5), maladaptive inflammatory response (days 5-7), and

ARDS (days 7-14) in serious cases Courtesy: Risitano et al. [113]

Lectin-carbohydrate interactions

Protein—carbohydrate interactions underlie many biologi-
cal events. In human infection by microbial pathogens, such
interactions play a key role. Protein—carbohydrate interac-
tions are chemically weak and depend on physiological con-
ditions such as association with other proteins and pH con-
ditions. The unique binding of extracellular matrix (ECM)
or cell surface glycans to cell surface-associated lectins is
mediated by protein—carbohydrate interactions and forms the
major basis of biological processes such as embryogenesis,
carcinogenesis and innate immunity.

In multivalent carbohydrates and glycoprotein recep-
tors, the density and number of glycan epitopes are essen-
tial determinants of the binding and crosslinked activities
of lectins and their roles as effectors [17, 18]. In matter of
biochemical/physicochemical properties, molecular struc-
ture and carbohydrate-binding specificity of plant lectins are
different from animal lectins [15]. Lectins show molecular
sizes ranging from 60 to 400 kDa. Lectins are versatile in
their recognition of glycan-specific structures present on
cell surfaces—an interaction—that leads to cell signaling
in biological functions [15, 19]. Each lectin polypeptide con-
tains many molecular domains, one of which is the noncata-
lytic carbohydrate recognition domain (CRD), called lectin
domain. Lectin domain is responsible for its ability to rec-
ognize and interact with specific glycoconjugates, without
altering their structure. Lectin domains have been studied
most intensively in the plant kingdom [15, 19]. CoV-2 infec-
tion is the result of interactions between the carbohydrates,

present on CoV-2 and receptors such as ACE2 (a lectin) pre-
sent on host cells such as in lungs or intestine. The reverse
interactions can also occur in certain instances.

Angiotensin-converting enzyme 2 (ACE2)

ACE?2 is an integral membrane type 1 glycoprotein, which
is an important component of Renin-Angiotensin-System
(RAS). ACE2 is an active homologue of ACE present in a
diverse community of tissues. During viral infection, the
first step is the introduction of viruses into host cells (Fig. 1).
This is achieved by binding to the unique receptors (as
ACE2) on the host cell membrane to the spike (S) glycopro-
tein on the viral envelope of CoV-2. Studies have revealed
that ACE2 is a functional SARS-CoV receptor [20-25]. Like
SARS-CoV, Zhou et al. demonstrated that SARS-CoV-2 is
capable of entering ACE2-expressing cells, but not ACE2-
free cells or cells that express other coronavirus receptors,
such as aminopeptidase N [23].

ACE2 and renin-angiotensin system (RAS)

The RAS, also known as renin—angiotensin—aldosterone sys-
tem (RAAS), plays a physiological role in maintaining blood
pressure and electrolyte—fluid homeostasis and influencing
the functions of many vital organs, including the heart, blood
vessels, and kidneys. The RAS acts through two routes: “(1)
ACE/angiotensin II (Ang II)/Ang II type 1 (AT1) receptor
axis and (2) ACE2/angiotensin (1-7) Mas (mitochondrial
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assembly 1) receptor axis” [16, 26] (Fig. 2A). RAS impair-
ment is linked with the occurrence of acute lung injury
(ALI) and ARDS, resulting in poor prognosis and even death
[6]. In a variety of pathological conditions, RAS is criti-
cal, and ACE?2 is the central component of the counter-RAS
mechanism in both progress and defense of the disease.
The primary function of ACE2 is to metabolize Ang II
and to form heptapeptide angiotensin-(1-7), which binds to
the Mas receptor (Mas-R). Mas-R mediates vasodilatory,
antiproliferative and antifibrotic effects in the pulmonary
system. In its chemical action, ACE2 can remove carboxy-
terminal phenylalanine from Ang II to form the heptapeptide
angiotensin-(1-7). Furthermore, under alternating effects of
ACE2 and ACE, angiotensin-(1-7) is formed without Ang
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Fig.2 A The metabolic pathway showing two axes of RAS sys-
tem: (1) “Classical RAS ACE-Ang II-AT1 regulatory axis” and (2)
“ACE2-Ang—(1-7)-Mas counter-regulatory axis.” Abbreviations:
(P) RR, (pro) renin receptor; Ang, angiotensin; ACE, angiotensin-
converting enzyme; ACE2, angiotensin-converting enzyme 2; NEP,
neutral endopeptidase; PEP, prolyl endopeptidase; PCP, prolyl car-
boxypeptidase [3]. B Structure of S CTD—human ACE2 Com-
plex: The core subdomain and external subdomain in SARS-CoV-2-
CTD are colored cyan and orange, respectively. hACE2 subdomains I
and II are colored violet and green, respectively. The right panel was
obtained by anticlockwise rotation of the left panel along a longitudi-
nal axis [PDB:6LZG]. Courtesy Wang et al. [7]

@ Springer

IL. In this process, Ang I is first hydrolyzed by ACE2 to form
angiotensin-(1-9), which is hydrolyzed to form angioten-
sin-(1-7) by ACE. Angiotensin-(1-7) binds to the G-protein-
coupled receptor Mas as a ligand, which causes the opposite
reaction to that of Ang II, and performs a number of func-
tions in different organs/systems [26].

COVID-19 depends on host-sex, age-related uncontrolled
inflammatory responses, which result into hypercytokine-
mia, sever inflammation, and collateral tissue damage or sys-
temic failure possibly due to imbalanced ACE/Ang II/AT1R
and ACE2/Angiotensin-(1-7)/Mas-R axes signaling [21].

ACE2: a receptor of coronaviruses

ARDS is the common immunopathology for different CoV
infections [20, 21]. Molecular similarities have been found
in the receptor-binding domains of CoVs, all of which bind
the ACE2 receptor, thereby entering the host cells to cause
infection. Though several CLRs bind CoVs, ACE2 is the
main receptor for the CoV-2 [13-16, 21]. After the virus
enters the host cells, the viral RNA is released into the cyto-
plasm and the viral genome begins to replicate. It is not
known definitively whether organs other than the lungs are
directly targeted by SARS-CoV-2.

As stated above, CoV entry in human cells is facilitated
by spike (S) protein located on the surface of viral envelope
[6]. Host proteases normally divide S protein into two subu-
nits, S1 and S2, which are responsible for receptor recogni-
tion and membrane fusion, respectively. Both, N-terminal
domain (NTD) and C-terminal domain (CTD) of Corona-
virus S1 can act as a receptor-binding (RBD) domain for
ACE2 (e.g., SARS-CoV and MERS-CoV utilize S1 CTD,
whereas mouse hepatitis CoV engages S1 NTD as RBD) (7).

ACE?2 is a transmembrane class I membrane protein
exposed to the surface of cells in the lungs and other tissues
with its enzymatically active domain. An enzyme known
as sheddase [16] cleaves the extracellular ACE2 domain
from the membrane. ACE2 also possesses a M2 domain
of N-terminal peptidase and a renal amino acid transporter
domain of C-terminal collectrin. ACE2 and TMPRSS?2 are
most richly expressed in bronchial transient secretory cells
among diverse cell types in respiratory tissues [16]. After
infection of cells with CoV-2, ACE?2 is internalized and its
expression is downregulated [24, 25]. The function of RAS
is uncontrolled resulting in release of several cytokines and
chemokines, causing cytokine storm and severe ALI/ARDS.

Wang et al. characterized the ACE2 interaction with
SARS-CoV-2 in the intestine. Despite the abundance of
ACE2 on intestinal epithelial cells, the occurrence of intes-
tinal symptoms was low, suggesting the role of the innate
defense mechanism [25]. Instead, Wang et al. identified a
human defensin 5 (HDS), secreted by Paneth cells to bind
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ACE2 and subsequently weaken recruitment of SARS-
CoV-2 spike protein S1 [27].

Tissue distribution of ACE2

The ACE2, TMPRSS2, and CTSB/L genes and their
proteins are widely expressed in human tissues and
the ACE2 and TMPRSS?2 genes seem to be co-regulated [8].
In addition to cells in the respiratory system, ACE2 is found
in various tissue groups, including gastrointestinal tract,
blood forming organs, liver, kidney, brain, and endothelial
cells, with the majority identified in enterocytes, tongue, and
esophageal epithelial cells. Eyes, male reproductive cells,
type II lung alveolar epithelial cells, bladder urothelial cells,
endothelial cells, and cardiomyocytes, endothelium of oral
and nasal mucosa, nasopharynx also contain the critical
viral-entry of ACE2. However, ACE2 mRNA is found in
almost every organ [21-23].

ACE2 in obese, diabetic, and hypertensive patients

The expression of ACE2 in Asians is similar to that in other
races [24]. SARS-CoV-2 metabolic comorbidity findings
show that obese individuals are more likely to experience
infection because adipose tissue acts as a source of path-
ogenic agents. Due to persistent glucose recognition by
ACE2, a greater inflammatory mechanism is seen in diabetic
individuals [20, 21, 26]. Patients with hypertension treated
with ACE2-inhibitors and ARB have improved expression
of ACE2 and are more prone to SARS-CoV-2 cell entry.
The ACE2 and TMPRSS gene expressions are suppressed
by TNF and are induced by pro-inflammatory conditions
including obesity, diabetes, autoimmune diseases, and by
oxidized LDL, exercise, cigarette smoke, interferons, and
androgens, by growth factors as well as helicobacter pylori
and viruses’ infections [8].

Innate immune system

Innate immunity refers to nonspecific defense processes that
come into action in the body within hours of the presence of
an antigen. For the identification and removal of toxins, the
innate immune system serves as the first responder. A vari-
ety of distinct molecules participate in the innate immune
system in identifying foreign agents by structures seen on
their surface, the so-called pathogen-associated molecular
patterns (PAMPs). Cell-associated receptors (pathogen
detecting receptors, PRRs) or soluble pathogen-recognizing
molecules are recognition molecules (PRMs). sMBL is one
of the PRPs/PRMs, which, owing to its potential to bind to
microorganisms, draws particular interest [15], contributing
to the act of opsonin and the activation of the complement

system. For the production of therapeutics, understanding
the immune response to SARS-CoV-2 is important. The
degree to which innate immunity confers protection or
induces pathogenesis during SARS-CoV-2 infection via a
dysregulated immune response remains unknown [28, 29].
Defects in the innate immune system are responsible for
infection or autoimmune disease.

Cells and molecules of innate immunity

The primary cells in the immune system are leukocytes.
They are derived from the myeloid or lymphoid lineage,
which contain highly motile neutrophils, monocytes and
tissue macrophages, eosinophils, and natural killer (NK)
cells. Innate immune cells prevent virus replication by
secreting pro-inflammatory cytokines, activating the adap-
tive immune response, and attracting other immune cells
to the site of infection. In response to extracellular patho-
gens, granulocytes are degranulated and secrete enzymes
and toxic proteins. Monocytes traffic to tissues and differ-
entiate into monocyte-derived macrophages and dendritic
cells (DCs). At the site of tissue injury, neutrophils emerge
first and release the granules to regulate bacterial growth.
Macrophages and neutrophils kill pathogens as well as
infected cells by phagocytosis. While function of activated
DCs is to present pathogen-derived antigens to naive helper
T cells and to initiate the adaptive immune response, NK
cells are responsible to destroy infected cells via receptor-
mediated apoptosis and antibody-dependent cell-mediated
cytotoxicity.

By producing certain innate cytokines, especially type
1 interferon (IFNs), and by reacting to these cytokines to
create new intracellular mechanisms for managing infec-
tions, virtually all myeloid lineage cells contribute to innate
immunity. Macrophages and DCs possess PRRs that react
to PAMPs structures present on infectious agents. Alveolar
macrophages in the lungs, histocytes in connective tissue,
Kupffer cells in the liver, mesangial cells in the kidney, oste-
oclasts in the bone, and microglial cells in the brain are mac-
rophages that regulate innate immunity. Relevant molecules,
such as chemokines or Fc receptors, may express each subset
of macrophages. During immune reactions, chemokines play
a significant role in cell trafficking. Chemokine mediators
recruit monocytes to the infection site and are critical for
innate immune functions to be triggered.

In chemokine family, the chemokine monocyte chemoat-
tractant protein 1 (MCP-1) is a potent chemoattractant for
monocytes and macrophages, which secrete pro-inflamma-
tory cytokines/mediators including IL-1, IL-6, IL-8, IL-12,
and TNF-a in response to bacterial products. While IL-8
engages in local inflammatory responses to recruit neutro-
phils at the site of infection, TNF-a is the inducer of inflam-
matory responses against pathogens.
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NK cell activity in antiviral immunity and inflammation

NK cells are the founding members of the innate lymphoid
system. They are effector lymphocytes that control micro-
bial infections and their expression besides control of sev-
eral types of tumors. NK cells are present in most of the
human tissues and carry receptors in the form of activat-
ing and inhibitory receptors [28]. Peripheral blood, lungs,
uterus, and liver are shown to have a high frequency of NK
cells, while NK cells are rare in lymph nodes and tonsils
and in certain other peripheral organs. NK cells have been
extensively studied in different settings of infectious diseases
due to viral infections and cancers [30-34]. IL-12 may acti-
vate NK cells. The balance of force between activating and
inhibitory receptors helps to protect normal cells from the
damaging effects of NK cells while killing virus-infected
target cells. NK cells can be activated by IL-12. These recep-
tors’ balance of force serves to shield normal cells from the
harmful effects of NK cells while killing target cells infected
with viruses. Infection or autoimmune illness is responsible
for defects in the innate immune system.

Complement system

The complementary system forms an essential part of the
innate immune system, and plays a role in immune cell
recruitment, activation, and destruction of pathogens [28,
29]. An overactive innate immune response, despite these
essential antiviral functions, may lead to disease pathogen-
esis [15]. In Sect. 8.1, the three complementary pathways
that function against pathogens are discussed separately.

Serum mannose-binding lectin

Serum mannose-binding lectin (sSMBL) is a PRP/PRMs that
draws particular interest [15] in microbial pathology due
to its capacity to bind microorganisms and its role in the
activation of the complement system [15]. Serum MBL was
discovered in the serum of rabbits as mannose-binding lec-
tin (MBL), which was later termed mannan-binding protein
(MBP). The term MBP unfortunately implies a more selec-
tive reactivity than the characteristic for this protein. Hence,
the term sSMBL, which was originally described, will be used
in this review.

The explosion of sMBL studies began after discovery
of low levels of sSMBL and its correlation with the loss of
opsonizing activity in infants with unexplained cause of
infectivity [35, 36]. Innate and antigen-presenting roles of
blood myeloid DCs [35] are affected by sMBL deficiency. It
interferes with the entry of CoV and binding of S protein to
host receptors [9, 10] and triggering of a downstream anti-
viral innate immune response. N-linked glycosylation plays
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a critical role in the specific interaction between sMBL and
SARS-CoV S1 protein.

Structure—function relations of sSMBL

The sMBL is an oligomeric protein with varying molecular
weight between 400 and 700 kDa, containing three equiva-
lent peptide chains of 32 kDa subunits [37, 38]. Four distinct
regions of sMBL gene define the human sMBL molecule:
a cysteine-rich amino-terminal region, a collagen repeat
domain, a short a-helical coiled-coil domain, the so-called
neck region, and a CRD that forms the molecule’s globular
head. The trimeric form is the essential structural subunit of
all the sSMBL circulating forms [35, 39].

Although sMBL can form multiple oligomeric forms,
there are signs that dimers and trimers are not biologically
active and that the activation of the complement requires at
least a tetramer form. Determined as the holmium-substi-
tuted complex, the crystal structure of the CRD of a rat MBP
shows an odd fold structure which consists of two different
regions, one of which comprises an extensive nonregular
secondary structure stabilized by two holmium ions. The
arrangement shows the retention of 32 residues, indicating
that the SMBL-CRD fold is prevalent in all C-type lectin
domains [40].

The triple helix of MBP peptides, the basic structural unit
of MBP, aggregates into higher-order structures (tetramers,
pentamers, and hexamers), which are required for comple-
ment fixation. Through interactions of the collagenous tails
stabilized by disulfide bonds in the cysteine-rich amino-
terminal region, MBP forms a trimeric helical structure.
These trimers combine to produce three or six trimers in a
"bouquet” assembly (Fig. 3A).

Each CRD is distanced at approximately 53 A in the
trimer, which is crucial for lectin function. This is because,
for glycan ligands, each individual CRD has a relatively low
affinity and low specificity and can bind to N-acetylglucosa-
mine, N-acetylmannosamine, fucose, and glucose-rich gly-
cans. Control is given by the spacing between CRDs and
enhances possible interactions with extended glycoconju-
gates containing mannan, especially those on bacteria, yeast,
and parasites.

There is a CRD and neck domain in the trimeric fragment
of MBP-A. Neck domain connects the carboxy-terminal
CRD to the collagen-like structure in the intact molecule
[41, 42]. X-ray crystallography revealed that the neck area
consists of a parallel triple-stranded coiled-coil of a-helices
connected by four residues to the CRD. Neck peptide helixes
are not stable in the aqueous phase.

Sequence alignments of lectins suggested that other
C-type lectins have a common oligomeric structure with
variations in their detailed organization for carbohydrate
interactions [41, 42] (Fig. 3B). The spatial arrangement of
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Fig.3 A Human sMBL gene: The human sMBL gene with the
corresponding mRNA and protein domains: The lengths of the
four exons and three introns are indicated by the number of base
pairs in the box of the figure. The mRNA encodes the various pro-
tein domains shown as signal peptide (SP), cysteine-rich region
(CRR), collagen domain (CD), neck region (NR) (coiled-coil), and
carbohydrate recognition domain (CRD) in the figure. The peptides

CRDs of MBP trimers forms the basic recognition domain
for oligosaccharides on microbial pathogens.

Clinical manifestations of sMBL deficiency

sMBL deficiencies are implicated in infectious
diseases

Human sMBL is an important factor in animal defense sys-
tem that allows us to fight various pathogens by direct neu-
tralization and inhibition. In an indirect role, SMBL acts as
an opsonin and as a factor in complement activation [43].
Normal serum sMBL concentration varies from very low
level to 10.0 ng/mL. Numerous studies have reported that
deficiencies in blood sMBL are associated with several dis-
eases [43—48] at higher risk as invasive pneumococcal dis-
ease, infections due to influenza A virus, and at greater risk
of death from pneumonia. On the other hand, sMBL showed
a significantly higher incidence of influenza (HIN1)pdm09
virus infection in non-survivors of the disease.

Infections of Staphylococcus aureus, Pseudomonas, and
recurrent Clostridium difficile are associated with lower
sMBL levels in individuals [45]. Humans with recur-
rent sinusitis are associated with low levels of MBL [46].
Owing to extreme sepsis and septic shock, most patients in
the intensive care unit (ICU) are destined to death. Tuber-
culosis and sepsis patients have significantly low levels of
sMBL, whereas neonates with lower SMBL levels have a
greater risk of contracting neonatal sepsis [47, 48]. In about

self-associate into a homotrimer (structural subunit). Each peptide
contains a lectin domain (gray) to bind the specific microbial carbo-
hydrate motifs. Functional SMBL circulates in higher-order multim-
ers: (tetramers, pentamers, and hexamers) [35]. B Human sMBL (or
MBP) carbohydrate recognition domain (CRD) trimerizes through a
triple a-helical coiled-coil [PDB:1HUP]. Courtesy Sheriff et al. [41]

30% of humans, point mutations in the sMBL gene (sMBL2)
are responsible for low sMBL activity. As a result, more
frequency of infection has been reported in sMBL-deficient
patients. Point mutations in the SMBL gene (sSMBL2) are
responsible for the low activity of sMBL in about 30% of
humans. As a result, sMBL-deficient patients have docu-
mented a higher incidence of infection. The exact effect of
this type of inherent immune suppression on the clinical out-
come of SARS-CoV-2 infection is not clear. Genetic studies
on the sMBL gene in complications during infections are of
great scientific interest.

In a contrasting study in humans, at influenza diagnosis
within 24-48 h following ICU admission, sMBL showed
significantly higher levels (3741 ng/ml) in non-survivors
of severe (HIN1)pdmO9 infection compared to survivors
(215 ng/ml), as well as in the control group (1814 ng/ml).
The results showed a strong relation between sMBL levels
and mortality in ICU patients beyond baseline of 1870 ng/
ml in serious infection [49, 50]. Liu et al. proposed that
sMBL in combination with C-reactive protein may serve
as an inflammatory marker in the diagnosis of patients with
community-acquired pneumonia [44]. After infection with
SARS-CoV-2, the real impact of this type of innate immune
enhancement is not clear.

sMBL deficiency in autoimmune diseases
sMBL deficiency is also associated with noninfectious

diseases and with the pathogenesis of autoimmune dis-
eases such as SLE (systemic lupus erythematosus), RA
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(rheumatoid arthritis), and CF (cystic fibrosis). Geno-
type analysis of RA and primary Sjogren’s syndrome [51]
patients showed lower MBL levels. The sMBL deficiency
can affect or alter the natural history of a disease (e.g.,
rheumatoid arthritis, cystic fibrosis). Recombinant MBL or
plasma MBL treatment is yet to be tried and found safe [51].
sMBL deficiency can affect or change the disease’s natural
history (e.g., RA and CF) [51]. In practice, sMBL therapy
may be a disease-modifying drug to minimize the severity
of RA and to protect the function of the lungs and liver [52].

Dong et al. indicated that SMBL levels in patients with
arthritis are negatively correlated with the serum levels of
markers of bone turnover [53]. sSMBL therapy may ame-
liorate various immunodeficiency syndromes. However, a
potential hazard of sMBL therapy is enhanced complement-
mediated host damage. sSMBL therapy awaits the results of
randomized controlled clinical trials [51, 54].

sMBL deficiencies and noninfectious diseases

The worst prognosis with extreme sepsis/septic shock
tends to be linked to low-producer haplotypes in critically
ill patients. However, as seen in inflammatory disorders,
such as diabetic nephropathy and in Covid-19 patients, pro-
longed stimulation of the innate immune system tends to be
responsible for an unbalanced inflammatory and coagula-
tion response [55]. Children with mutations in MBL2 gene
resulting in low levels of sMBL have a higher chance of
neurological disorders [56].

Although genetic polymorphisms of MBL were not dif-
ferent between patients and control subjects, MBL serum
concentration as well as MBL complex activity was signifi-
cantly higher in new-onset diabetic patients compared with
their siblings matched for high-producing MBL. It appears
that MBL serum concentration and complex activity are
increased in early-onset diabetic patients. [57]. Therapeutic
MBL pathway blockade during and following islet autotrans-
plantation (IAT) may improve islet survival and function and
thereby clinical outcome.

Deficiency in sMBL is associated with bronchiectasis
of noncystic fibrosis, a disease of weakened bronchial pas-
sages. While a large variety of diseases has been identified
with low serum sMBL levels and their cognate haplotypes,
most subjects with sMBL deficiency remain safe. In COPD,
reduced serum levels of SMBL are found with greater sever-
ity [58] and elevated inflammation in patients with renal
function. Renal patients with elevated levels of sSMBL have
better cardiovascular protection.

Ovarian cancer patients are associated with sMBL defi-
ciency, as determined by genotype. Less artery elasticity [59]
is followed by higher pulse wave velocity. Following trau-
matic brain injury, higher SsMBL levels are associated with
greater repair. Generally speaking, sMBL has anti-cancer
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effects. SMBL binds to tumors in patients with colon can-
cer in an effort to repair the tissues, as tumor patients with
binding sMBL have a more promising prognosis [60]. As
determined by genotype, ovarian cancer patients are related
to sMBL deficiency.

An estimate indicates that in SMBL, 7-30% of the west-
ern human population is deficient (US 7-10%, UK 10-30%).
Smoking, second-hand smoke emission, and exposure to
solid cooking fuel emissions decrease the levels of sMBL
[61]. A research by the Royal Adelaide Hospital in Aus-
tralia found that elevated levels of oxidative stress decreased
sMBL levels by oxidation, oxidizing the lectins (0xXMBL).
MBL oxidation caused defective macrophage activity that
diminished patients’ capacity to combat their lung infec-
tions [58].

On account of smoking and exposure to carbon monoxide
produced during cooking with solid fuel, oxMBL induces
higher amounts of oxidative stress [61]. A strong association
between healthier lifestyles and higher levels of MBL has
been shown. It also appears that diet also has influence on
sMBL, since diet produces more antioxidants, alkaline diets
are known for their capacity to suppress oxidation within
the body. Acidic diets, on the other hand, will, by necessity,
reduce the sMBL of the body.

Vitamin D is a promising therapeutic agent since it plays
a significant role in the regulation of cardiovascular diseases,
in addition to functioning on the immune system. In girls,
the levels of SsMBL are lower in winter and higher in summer
[43]. In the human population globally, these findings need
to be checked on a broader scale.

sMBL genotyping and genetic polymorphisms

Research into the genetic susceptibility of serious infections
leading to systemic complications is growing, particularly
where the adaptive immune system is weakened, and innate
immunity plays an important role in the immediate protec-
tion against invasive pathogens. Allelic knowledge involves
coding for frequently studied loci, such as MBL [62, 63]
and CD14. However, some contrasting results have been
obtained in relatively limited trials, especially for MBL
[64] and DC-SIGNR [65]. But wing to the possibility of
an unbalanced pro-inflammatory response and an additional
host injury, an accumulation of MBL activation may be dan-
gerous [44, 49].

Tu et al. suggested that people who are genetically pre-
disposed to generate higher levels of MCP-1 protein tend
to be more vulnerable to SARS-CoV infection, supporting
previous observations that a susceptibility factor for SARS
acquisition is a low-MBL-producing allele. The mixture
of MCP-1 and MBL polymorphisms has a greater genetic
interaction with SARS-CoV infection susceptibility [63, 66].
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Many studies on genotyping have emerged due to the
ease of allotyping. Although valuable results can be drawn
from such studies, it should be recognized that individuals
with identical genotypes can vary by several fold in sMBL
levels for all known variants of SMBL [35, 67-71]. Since
the SMBL2 gene is home to a complex genetic mechanism
related to infectious disorders, it is possible that in some dis-
eases, SMBL will also be a disease modifier. Humans have
been shown to be vulnerable to infectious diseases caused
by single nucleotide polymorphism (SNP) [35, 69-71] due
to reduced serum sMBL.

The collectin family is a prominent example among lec-
tin categories [72—75]. A number of infectious and nonin-
fectious diseases have been associated with variant alleles
influencing the expression and function of proteins, most
often as disease modifiers [68, 72]. Although sMBL influ-
ences macrophage responses and contributes to inflamma-
tion resolution, SP-A is important for macrophage tissue-
repair functions.

The sMBL2 gene is located in the long arm of chro-
mosome 10q11.2-q21 [74]. A large proportion of human
population is associated to MBL deficiency due to MBL2
polymorphisms, and susceptible to infectious diseases. Five
functional SNPs, in different populations, have been iden-
tified in the sMBL2 gene. Each of them can affect serum
levels of sMBL. Two SNPs are located within the promoter
region of the gene (at —550 and at —221) [70] and 3 other
SNPs present at the first exon of the coding region (Fig. 3A).
These functional polymorphisms of the sMBL2 gene result
in single amino acid substitutions that by inducing structural
defects in the sMBL protein, decrease functional levels. The
replacement of arginine with cysteine at codon 52 (allele
D), glycine with aspartic acid at codon 54 (allele B), and
glycine with glutamic acid at codon 57 (allele C) [69] are
three separate point mutations.

Codon variants 54 and 57 disrupt the Gly-X-Y repeats in
the collagen-like domain and codon 52 disrupts the N-termi-
nal disulfide bonds between structural units of the primary
32 kDa MBL. As a result, the development of the tertiary
structure of sMBL [35, 76] is prevented by these variants.
The assembly of the sMBL oligomeric complexes is dis-
rupted by these three mutations. The role of sMBL in sus-
ceptibility to various diseases is controversial, however, and
results of interaction for the same diseases depend primarily
on the ethnicity of the subjects [77].

Polymorphisms of the MBL gene, a greater prevalence of
haplotypes in SARS patients, are associated with low sMBL
levels than in control subjects. However, there was no link
between genotypes of MBL that were associated with defi-
cient levels of sSMBL and SARS mortality. Even then, C4
deposition was increased by MBL in SARS-CoV patients.
These findings indicate that MBL is a susceptibility factor

for the acquisition of SARS [62] in the first-line of host
defense against SARS-CoV. A greater risk of vulvovaginal
candidiasis-Candida vagina infections [67] is also associated
with MBL2 mutations. Based on MBL genotypes (codon 54
polymorphism), postmenopausal women with lower MBL
levels have a higher risk of hypertension and insulin resist-
ance [67].

sMBL suppresses TLR2 activation and inflammatory
responses

Bacterial cell wall peptidoglycan (PGN) is known to induce
excessive pro-inflammatory cytokine production. Studies
have shown that TLR2 recognizes PGN and that sMBL is
capable of suppressing the amplification of inflammatory
cytokines in THP-1 cells, including TNF-a and IL-6 [78].
Thus by modulating PGN/TLR?2 signaling pathways, sSMBL
can decrease inflammation and foster a significant function
in immune regulation [78].

sMBL is a suppressor of T-cell activation and T-cell
proliferation

sMBL suppresses T-cell activation and greatly prevents
T-cell proliferation in presence of anti-CD3 and anti-CD28
antibodies. Moreover, proximal T-cell receptor signal-
ing was interfered by sMBL during T-cell priming. Since
sMBL binding to T cells takes place by interaction between
the collagen-like region of SMBL and calreticulin (CRT),
expressed on the T-cell surface, the sMBL-mediated inhibi-
tion of T-cell proliferation was abrogated by the neutral-
izing antibody of CRT. This indicated that through cell sur-
face CRT, sMBL downregulates T-cell proliferation. Other
serum collectins (e.g., C1q and collectin-11) share this role
of sSMBL-mediated T-cell suppression. The recruitment and
proliferation of autoreactive T cells derived from patients
with silicosis was also effectively inhibited by sMBL, sug-
gesting that sSsMBL acts as a negative regulator of T-cell
responses [79]. sMBL attenuates LPS-induced maturation
of monocyte-derived DCs and pro-inflammatory cytokine
(IL-12 and TNF-a) development, suggesting that by alter-
ing LPS-induced cellular responses, SMBL affects the func-
tions of DCs. It also supports the essential role of sMBL in
the control of inflammatory responses and adaptive immune
responses [80].

Role of NK cells and their regulation by sMBL
NK cells are part of innate immune cells that play a critical
role in the first-line of defense against microbial infections as

well as in tumor surveillance and their functions in disease
progression [33, 34]. NK cells rely on cytokines such as
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‘IL-2, IL-12, IL-15, and IL-18’ secreted by other immune
cells and on other modulators for proliferation and effec-
tor functions [81-83]. NK cells develop many chemokines
following activation, such as CCL3, CCL4, CCLS5, and
cytokines such as interferon-y (IFN-y), TNF-a, and colony-
stimulating granulocyte/macrophage factor (GM-CSF) [82].
These soluble factors play important roles in hematopoiesis
and in the activation of cellular networks.

Following activation, NK cells produce several
chemokines, such as CCL3, CCL4, CCLS5, and cytokines,
such as interferon-y (IFN-y), TNF, and granulocyte/mac-
rophage colony-stimulating factor (GM-CSF) [82]. These
soluble factors are important in process of hematopoiesis,
and in the activation of cellular networks. Serious COVID-
19 patients suffer with lymphopenia and elevated plasma
levels of IL-6. Though the expression of NKG2D (a NK cell
receptor) is critical in destroying infected cells [84-87], IL-6
inhibits NKG2D expression and does not allow NK cells for
normal functioning. Several upregulated genes in peripheral
blood mononuclear cells (PBMCs) from COVID-19 patients
tend to be implicated in apoptotic pathways, suggesting that
lymphopenia is due to apoptosis induced by SARS-CoV-2
[88]. Other studies indicate that NK cells leave the periph-
eral blood and traffic into the lung following SARS-CoV-2
infection, where they possibly lead to local inflammation
and injury. NK cells remaining in circulation, on the other
hand, exhibit an exhausted phenotype that promotes the dis-
semination of viruses to other organs [32].

Reduced NK cells in the blood of COVID-19 patients

COVID-19 patients have elevated plasma levels of IL-6 with
lymphopenia. By reduced expression of NKG2D, which is
critical in destroying infected cells, IL-6 can further inhibit
NK function [84-87]. Many amplified genes in peripheral
blood mononuclear cells (PBMCs) from COVID-19 patients
tend to be implicated in apoptotic pathways, suggesting that
lymphopenia is due to apoptosis induced by SARS-CoV-2
[87].

Besides lungs, SARS-CoV-2 can infect many other
organs, because of the existence of ACE2. Lung NK cells
do not, however, express ACE2 as a SARS-CoV-2 feed-
back receptor [89]. NK cells can also not be specifically
contaminated with SARS-CoV-2 [90]. NK cell receptor
NKG2A, on the other hand, is elevated in CD8 T and NK
cells in COVID-19 patients [91, 92]. NKG2A thus represents
another receptor in COVID-19 due to its role in the host’s
immunity. By the development of IFN-y [85], monalizumab
(a humanized IgG4) targeting NKG2A receptors on NK
and CD8+T cells could help to restore adequate antiviral
activity.
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sMBL regulates cytokine production
and cytotoxicity of NK cells

Owing to its association with numerous kinds of immune
cells, sSMBL has been considered an immunomodulator, and
role of SMBL in relation to NK cells remains unexplored,
however. In addition to phagocytosis of pathogens by leu-
kocytes and activation of the lectin complement pathway,
SMBL can bind to human monocytes and attenuate the
inflammatory response [44]. While looking for how sMBL
can influence NK cell activity, Zhou et al. suggested that
human sMBL could communicate directly with peripheral
NK cells through its collagen-like domain [93].

An in vivo study showed that recombinant sMBL admin-
istration in mice could control the immune response of the
host and that sMBL association with human T cells inhib-
ited the activation of T cells [79]. The sMBL-binding NK
cells markedly suppressed the development of IL-2-induced
TNF-o and IFN-y, inflammatory cytokines, and upregulated
production of IL-10. However, the expression of activation
markers such as CD25 and CD69 declined after sMBL
therapy.

In addition to NK cell proliferation and lymphokine-acti-
vated killing, sMBL inhibited the activation of NK cells by
IL-2-induced STATS (signal transducers and transcription
activators 5). Taken together, studies indicate that SsMBL is
capable of controlling the activity of NK cells and can act
as an immune response regulator [93]. Therefore, SMBL is
a pleiotropic immune modulator that can influence various
cell types of innate and adaptive immunity [93, 94].

Cytokine storm in COVID-19

COVID-19 patients pass through three major stages depend-
ing on infection severity. In step 1, the CoV-2 binds ACE2
receptor present on lung macrophages and epithelial cells
where it activates toll-like receptor-mediated NF-KB sign-
aling and silencing of early IFN response that enables con-
trolled viral replication. Phase 2 is discriminated by the
presence of hypoxia and damaged pneumocytes due to loss
of innate immunity. Some patients advance into phase 3,
accompanied by an aggressive inflammatory response, with
the release of elevated levels of pro-inflammatory cytokines,
a condition known as “cytokine storm syndrome (CSS),”
worsening of respiratory symptoms, and hemodynamic
instability of the patients. IL-6, IL-1f, and TNF-« are essen-
tial cytokines, besides others, which are released in this pro-
cess. This, as usual, is followed by production of antibodies
against the virus under recovery phase [95].
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How to define “cytokine storm”

Cron and Behrens defined “cytokine storm syndrome (CSS)
[96] as an activation cascade of auto-amplifying cytokine
release due to the uncontrolled host immune response to var-
ious triggers, such as in infections, malignancy, rheumatic
diseases, etc.” In another study, “the cytokine storm was
defined as a systemic inflammatory response to infections
and drugs that lead to excessive activation of immune cells
and the generation of pro-inflammatory cytokines.” There is
another related term for CSS “cytokine release syndrome”
(CRS), which is an acute inflammatory systemic disease
marked by multiple-organ dysfunction [97]. The cytokine
storm ensures that host cells are injured by the levels of
released cytokines [88]. In general, the cytokine storm is
believed to include the innate immune system’s aberrant
reactivity, dysregulated inflammatory responses, and over-
expression of inflammatory cytokines. Over-expression of
IL-6, in particular, is considered a characteristic hallmark
of the cytokine storm. It has been discussed elsewhere how
elevated levels of inflammatory cytokines interfere with the
complementary and coagulation processes to cause DIC,
ARDS, and MOF [98]. A functional characteristic of these
cytokines is that they have brief half-lives, usually limiting
contact within lymphoid tissues and at inflammatory sites to
certain cell types. Cytokines may also have systemic activi-
ties at high levels, and colony-stimulating factors generated
at sites of microbial invasion can encourage emergency bone
marrow granulopoiesis. The presence of elevated levels of
cytokines can affect a large variety of physiological pro-
cesses for those pathogens with systemic involvement. Ele-
vated levels of inflammatory cytokines interfere with com-
plement and coagulation processes to cause DIC, ARDS,
and MOF [98]. The cytokine storm is commonly known to
comprise the innate immune system’s aberrant reactivity,
dysregulated inflammatory reactions, and over-expression
of inflammatory cytokines. Over-expression of IL-6 is con-
sidered a hallmark of the cytokine wind.

Cytokine functions

In the activation of anti-microbial effector functions,
cytokines play a direct role, but they also have regulatory
signals that specifically amplify the immune response. These
secreted proteins have brief half-lives and usually brief con-
tact within lymphoid tissues and at inflammatory sites to
certain cell types. Cytokines may also have systemic activi-
ties at high levels. There colony-stimulating factors gener-
ated at sites of microbial invasion can activate emergency
granulopoiesis in the bone marrow along with increased
neutrophil and monocyte development. The presence of
elevated levels of cytokines can affect a large variety of
physiological processes for those pathogens in systemic

involvement. Under enhanced innate recognition or elevated
T cell responses, the inability to overcome can manifest as
levels of cytokines in the bloodstream under certain condi-
tions. This situation, demonstrated under clinical conditions,
termed as cytokine storm, cytokine release syndrome (CRS),
or hypercytokinemia to characterize a number of conditions
with varying etiologies and results [88, 98].

Cytokine response in COVID-19

ICU Covid-19 patients have high number of WBCs, neu-
trophils, and high levels of procalcitonin, CRP, and other
inflammatory indices in blood in comparison to non-ICU
COVID-19 patients. Many studies have shown that severely
ill Covid-19 patients have a high level of blood pro-inflam-
matory cytokines. The deadly unregulated systemic inflam-
matory reaction under CSS/CRS conditions have been attrib-
uted to the release of massive quantities of pro-inflammatory
cytokines such as “IFN-a, IFN-vy, IL-1p, IL-6, IL-7, IL-12,
IL-18, IL-33, TNF-a, TGF, etc., and chemokines as CCL2,
CCL3, CCL5, CXCL8, CXCL9, CXCL10, etc.” by immune
effector cells in SARS-CoV infection [99-102], in addition
to increased “IL-2, IL-7, TNF-a GM-CSF, IFN-v, inducible
protein 10, MCP-1, macrophage inflammatory protein 1-o
(MIP-1a), and especially IL-6” [101, 102] (Fig. 4), than in
moderately ill COVID-19 patients.

The bronchoalveolar lavage fluid (BALF) from SARS-
CoV-2 infection showed presence of excessive chemokines,
such as CXCL10 and CCL2. SARS-CoV-2 triggered
immune responses resulted in unregulated inflammatory
response of cytokines storm [97]. In this sense, COVID-
19 shares parallels with other viral diseases such as SARS,
MERS and influenza, where the formation of a cytokines
storm is a warning sign of an escalation of the disease [97].
In a comparative analysis of different diseases, Kox et al.
reported that critically-ill Covid-19 patients do not explain
strongly elevated levels of inflammatory proteins in blood,
and thus, it raises the question on the definition of ‘cytokine
storm in Covid-19’ [103].

IL-6: a sensitive CSS biomarker

IL-6 is a sensitive CSS biomarker, which has pleiotropic
functions, including hematopoietic regulation, tissue regen-
eration, chronic inflammation, autoimmunity, and tumori-
genesis. COVID-19 serious patients, requiring ventilation,
have higher blood IL-6 than patients experiencing only
mild symptoms [104—106]. Under CSS/CRS, inflammatory
monocytes express high levels of IL-6, starting a localized
and then systemic cascade effect that results in hyperproduc-
tion of IL-6, which accelerates the inflammatory process.
Because IL-6 also increases vascular permeability, excessive
levels cause blood vessels to become very leaky. This, along
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Fig.4 Cytokine storm in
COVID-19: A Normal immune
response to viral infection.

B Abnormal immunologic
response to infection. Courtesy
Siemens Healthineers, India
[177]

with clotting factors released from vascular endothelial cells,
stimulates the coagulation cascade, resulting in microthrom-
boses (tiny clots), which lead to ischemia and tissue death
of the kidney, intestines, heart, liver, brain, and extremities
[104]. While pro-inflammatory cytokines such as IL-1f and
TNF-a drive the initial cytokine response, IL-6 dysregula-
tion is the most profound effect and is the best indicator of
CSS severity. Medications blocking the IL-6 pathway have
shown encouraging results in therapy of Covid-19 patients.
TNF-a may encourage T-cell apoptosis by interaction with
its receptor among over-expressed pro-inflammatory soluble
factors and may in part lead to lymphocytopenia, a trait fre-
quently seen in COVID-19 with a more pronounced decline
in extreme cases.
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SMBL in lectin complement pathway

Bacterial and viral experiments offer parallel insight into the
coronavirus-induced complement pathways. The low expres-
sion variant of sSMBL has been reported as a susceptibility
factor for SARS-CoV-1 with contradictory conclusions, as
a mediator of pathology [62-66] (see Sect. 8).

Complement activity during COVID-19

Complement system

One of the significant mechanisms of innate/natural immu-
nity for host defense against invading pathogens is the



Molecular and Cellular Biochemistry (2021) 476:2917-2942

2929

complement system or complement cascade. Complement is
a heat-labile plasma proteinous component, which is respon-
sible killing of pathogens by opsonisation. The complement
system has been found to cause immune injury in COVID-
19 patients. However, despite many therapeutic targets in
COVID-19 and its ramifications in the pathophysiology of
MERS and SARS, the complement has gained little consid-
eration in looking for successful anti-inflammatory treatment
strategies.

There are three pathways of complement that comprise
a cascade of > 30 inactive proteins, which are present in the
blood and tissue fluids. The inactive complement proteins, in
response to the interaction with molecular structures of the
pathogen, are sequentially activated in the form of an enzy-
matic cascade [107]. The chemical process takes place by
sequential cleavage of complement complexes in all comple-
ment pathways, followed by the binding of a larger cleavage
product to the pathogen and the activation of the next com-
ponent. In the end, all the complement pathways converge
at a point of C3 convertase (an enzyme), which cleaves C3
to form the large product, C3b, and a small fragment, C3a.
While C3b acts as an opsonin, C3a acts as an anaphylatoxin
that promotes inflammation (Fig. 5).

The main event in complement activation is the bind-
ing of significant amounts of C3b to the pathogen. Comple-
ment receptors which are present on the phagocytic cells are
recognized by bound complement components, like C3b.
Phagocytic cells ingest and eat C3b-opsonized pathogens
and their inactive fragments. These activities aid phago-
cytes for uptake and demolition of pathogens. The activated
C3 ultimately passes through the lytic pathway, which can
destroy the membranes of the cells or the pathogen.

C5a, generated in this process, is a chemoattractant
that attracts macrophages and neutrophils and can stimu-
late mast cells. The larger C5b fragment attaches the cell
surface and activates the formation of a membrane-attack
complex (MAC)—C5bC6789, which is responsible for the
lysis of pathogens. The behavior of complement constitu-
ents depends on regulatory proteins that save the host cells
from unintended damage caused by activated complement
components. Deficiencies of an individual component of the
system may lead to diseases, indicating role of component
in protection against diseases (Fig. 5) [107]. It is initially
possible to activate the complement using each of the three
separate pathways (Fig. 5) [107].

Classical pathway

The classical pathway is activated either directly by a patho-
gen or indirectly by a pathogen-binding antibody. C1, C2,
and C4 are classical pathway components. The pathway is
activated by the binding of the antibody—antigen complex

to C1, which exists in three substructures: Clq, Clr, and
Cls. The pathway results in the formation of C3 convertase,
C4b2a. The C3 convertase splits C3 into two fragments:
C3b, the larger fragment that binds to and opsonizes the
microbial surfaces; the other smaller fragment, C3a, that
degranulates mast cells that release histamine-like inflam-
matory mediators [107] (Fig. 5).

Mannose-binding lectin pathway

Lectin pathway of complement is similar in cascade of reac-
tions to the classical complement pathway. The lectin path-
way is activated by sMBL, or ficolin, in conjunction with
MBL associated serine protease-1 (MASP-1). The activation
occurs after binding of the MBL-MASP-1 complex to the
mannose residues present on the surface of the pathogen,
and MASP-2. To form the C3 convertase, C4b2a, the com-
plex activates C4 and C2 (Fig. 5).

Alternative pathway

The complement’s alternate pathway opsonizes and destroys
pathogens. The pathway is activated when pathogens or
weakened cells are specifically bound by the C3b protein. In
this process, C3b binds to factor B, which is cleaved by fac-
tor D to Bb. The other variables in the pathway that form a
C3 convertase and activate more C3 are the H and I (Fig. 5).
During critical illness, the alternative pathway amplifies all
complement activity and improves survival, likely due to
improved immune capacity [108]. Thus, complement is a
"dual-edged sword" which is critical for innate immunity
against pathogens.

Lytic pathway

CS5 convertase generation results in the activation of the lytic
pathway that is triggered by C5 splitting and C5b binding to
the target C6, C7, C8, and C9 and formation of MAC. When
injected into the membrane of pathogens, MAC causes lysis
to destroy pathogens (Fig. 5).

Uncontrolled activation of complement

Uncontrolled activation of complement leads to many unde-
sired events. Java et al. suggested that CoV's activate multiple
complement pathways leading to immunopathies, dysregu-
lated neutrophilia, endothelial injury, and hypercoagulabil-
ity, intertwined to result in severe features of COVID-19
[109]. The hyper level of C5a produced in acute lung injury
(ALI) by influenza viruses and SARS-CoV displays strong
activities of phagocytic cells and inflammatory events, which
can lead to cytokines storms [110]. Inhibition of C5 blocked
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Fig.5 Description of 3 overlapping-pathways for complement
activation: The complement: opsonin C3b, anaphylatoxins C3a and
C5a (complement peptides), and membrane-attack complex (MAC,
C5b-9), produced by all three pathways. (1) In classical pathway,
C1 complex (C1qCI1rCls) formed from Clq, Clr, and Cls attaches
antigen—antibody complexes and results in the development of C2
and C4, which form a C3 convertase (C4bC2a). The latter cleaves C3
further into C3b (an opsonin) and C3a (an anaphylatoxin). Binding
another C3b to the C3 convertase creates a C5 convertase (C4b2a3b).
(2) The lectin pathway is similar to the classical pathway, but it is
activated by a complex of sMBL-MASPs instead of classical C1 pro-
tease complex (C1qC1rCl1s). (3) The alternative pathway (AP) is con-
tinuously self-activated in plasma by low-grade hydrolysis (tick-over)

LPS release and downstream signaling, over production of
inflammatory cytokines, and procoagulant proteins. There-
fore, inhibition of C5a is implicated in the treatment of ALI
induced by viruses including SARS-CoV-2.

Complement in disseminated intravascular
coagulation

Disseminated intravascular coagulation (DIC) is a patho-
logical condition characterized by an increased incidence
of thrombin formation due to the interaction of platelets
and coagulation factors in the circulation. Sepsis, which has
been speculated to be attributed to overactivation of com-
plement and platelet activity, is the common cause of DIC.
Some studies have indicated that sMBL-associated serine
protease (MASP-1or -3) is involved in post-injury hemo-
stasis. In addition, complement components are altered
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of C3 that forms C3(H,0). On pathogen surface or infected tissue, the
nondiscriminate tick-over immediately binds factors B and D to form
a C3 convertase C3bBb or C3(H,0)Bb to activate more C3b. (4) C3b,
which is produced by either of the 3 pathways, opsonizes the target,
binds a C3 convertase to generate [C4b2a3b or (C3b)2Bb] trimolec-
ular C5 convertases, and generates more C3b via AP. C5 splits into
C5a, which is a strong anaphylatoxin, and C5b, which initiates the
terminal lytic cascade to form the complex membrane-attack complex
(C5b-9, MAC). C3a and C5a are potent neutrophil and monocyte che-
moattractants. In serious COVID-19 patients, complement activation
can lead to the harmful inflammatory response. C3, C5, and MASP-2
may act as therapeutic targets [109, 113, 139-142]

in DIC patients with sepsis and C3, terminal complement
complex, and MBL were substantially increased [111,
112]. Lung degradation in Covid-19 patients was not due
to elevated viral loads, but it is related to the maladaptive
immune response. Another report suggested that PRR acti-
vation of lung immune cells is responsible for the release
of pro-inflammatory cytokines and unwanted blood neutro-
phils and monocytes into the bronchi [113]. In severe ARDS,
associated CoV-2 infection acute respiratory failure and the
systemic coagulopathy are critical events. Under this situ-
ation, renal injury is not caused by viral infection. Rather,
it arises due to hypercytokinemia and the inflammation that
affect diminished oxygen uptake by the lung parenchymal
and endothelial cells, resulting in intravascular coagulation
and overlap with thrombotic microangiopathies (TMAs).
These observations have raised the risk that activation of
the complement is a central contributor to the pathogenesis
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of COVID-19 [55]. Quantification of gene expression at
RNA level of nasopharyngeal (NP) swab from SARS-CoV-
2-infected patients demonstrated that in addition to innate
Type I IFN and IL-6 inflammatory immune responses, infec-
tion results in activation of the complement and coagulation
pathways [114]. These studies indicate that a possible alter-
native for the treatment of multiple-organ failure (MOF) is
to block the complementary pathway [55, 114].

Complement system in critical illness

Biological stressors, including infection, ischemia, trauma,
burns, wounds, cancer, and surgery, have all been noted to
activate the human complement system. However, it is not
known to what degree the complement system provides
defense or causes pathogenesis through a dysregulated
immune response. It is suspected that overexuberant acti-
vation of the complement system, considering its role in
immune function, leads to the pathogenesis of sepsis and
other critical diseases [115].

Three types of major effectors, produced by the active
complement system, have been described above: (1) ana-
phylatoxins, pro-inflammatory molecules that trigger leu-
kocytes by interacting with their G-receptors; (2) opsonins,
which target cell surfaces and help in the removal of target
cells and immune complexes; and (3) the terminal mem-
brane-attack complex (MAC, C5b-9) that directly lyses
targeted (opsonized) pathogens or damaged self-cells [55,
116]. In host defense against microbial pathogens and in
the removal of immune complexes and apoptotic cells, these
effectors cause the complement system to play an important
role. During last few years, other essential complement func-
tions, including modulation of adaptive immune response
and many others have been identified [55, 116, 117]. Func-
tional enrichment analysis of genes in peripheral blood
mononuclear cells (PBMCs) of COVID-19 patients showed
dominance of genes associated with complement activation
of classical pathway [87]. Similar to SARS, complement
proteins in serum are higher in severe COVID-19 patients
relative to mild Covid-19 patients and healthy controls [118,
119]. Reports suggested that complement plays a potential
role during SARS-CoV-2 infection.

Complement activation in ARDS and COVID-19

A common feature in ARDS, caused by infectious agents,
is complement activation and C5a is elevated in peripheral
blood. C5a is an ARDS marker that follows in severe sepsis,
cytokines storm, and MOF. PMN, when exposed to C5a,
may adhere to vascular endothelium and increase vascular
permeability that may lead to ARDS. This results into neu-
trophilia, which has been reported in COVID-19 [120]. Evi-
dence also suggests that the lectin pathway of complement

activation is active in COVID-19 patients. It seems that
fucose and mannose residues on S protein of SARS-CoV-2
are able to activate the lectin pathway by interacting with
lectins (Collectin-11 or Ficolin-1), which are expressed in
alveolar epithelium and also present in blood circulation
[121]. The interaction of SARS-CoV-2 with these lectins
in blood may also activate the inflammatory and coagula-
tion cascades in the lung and blood [122]. The presence of
“MBL, MASP-2, C4, C3, and C5b-9” has been confirmed in
post-mortem lungs of SARS-CoV-2-infected patients with
ARDS [64, 117]; the alveolar epithelial cells of type I and
type II were the key targets for complement deposition. The
presence of MBL and MASP-2 also suggested the role of
lectin pathway on alveolar epithelial cells. Elevated serum
C5a levels presented evidence of systemic activation of the
complement or leakage of the active fragment from the dis-
eased lung.

Co-triggering of the complement and coagulation cas-
cades has been reported in children suffering with COVID-
19 and having hyper-inflammatory diseases and thrombosis.
In COVID-19 patients with respiratory failure, triggered
by complement pathway and related procoagulant state
[118-120], MASP-2 and viral S protein were found colocal-
ized with C4d deposits [68, 118]. The presence of elevated
d-dimers and purpura in the skin suggested that lung damage
in COVID-19 requires more than one mechanism.

The process of overactivation of the complement sys-
tem worsens lung injury. By comparison, complement
activation can occur at the earliest by direct association
of viral proteins with the MBL-ficolin pathway, rather
than the alternative pathway. Gao et al. observed that the
protein SARS-CoV-2 nucleocapsid (N) interacts with
MASP-2 and induces autoactivation of MASP-2 and
complement protein cleavage, C4 [117]. Furthermore,
during the second week of illness, the development of
SARS-CoV-2-specific IgM and IgG may further activate
the complement system through the classical pathway,
while human IgA may activate the complement system
through the MBL pathway [113].

Since alveolar epithelium is the primary site of activa-
tion of complement after exposure to SARS-CoV-2 and
may secrete complement factor including FCN-1 and
CL-11, it seems that the primary target for CoV-2 virus
is alveolar cells. The formation of C3a, C3b, C5a, and
C5b-9, which are pro-inflammatory effectors of comple-
ment activation, can be further activated by the presence
of FCN-1 and CL-11 and other important proteins of the
lectin complement pathway. Furthermore, because mac-
rophages also express ACE2 and generate complement
components, the effect of C5a on cytokine release can be
exacerbated by viral invasion of macrophages. It is sus-
pected that the circulating viral particles can trigger com-
plement activation through the MBL pathway and cause
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microvascular injury [122]. Microvascular thrombosis
could then be predisposed to the procoagulant effects of
MASP-1 and MASP-2 in the interaction of C5a and MAC
on endothelium, but experiments are required to confirm
these hypothetical pathways. To precipitate complement
activation by another way, ACE2, present on the proxi-
mal tubule epithelium, can also break C3 [122, 123]. Gao
et al. indicated that CoVs’ secreted nucleoprotein (N pro-
tein) binds to MASP-2, the main component of the lectin
pathway, which results in activation of complements and
exacerbated inflammatory lung injury. N protein—-MASP-2
interaction is thus an effective target for suppressing acti-
vation of the complement and alleviating hyper-activation
and lung damage of the N protein-induced complement.
When critical patients were treated with anti-C5a mAb,
hyper-activation of complement in COVID-19 patients was
suppressed [117]. Studies have shown that the relationship
between CL-11 and L-fucose results in the activation of
complement by the lectin complement pathway by attack-
ing the ischemic tubule surface with an innate immune
response.

A study on the MERS-CoV in murine model found that
excessive activation of the complement could lead to acute
lung injury after infection, while blockade of C5a-C5aR
(R: receptor) could reduce lung injury. In addition treat-
ment with anti-C5aR1 mAb of infected mice resulted in
reduced viral replication in lung [117, 124]. A general
upregulation of complement proteins, including MAC
complex, C5, C6, and C8, was reported by Shen et al. in
the SARS-infected mouse model [125] and inhibition of
the complement system via immunotherapy. C5a is also
highly expressed in patients with extreme SARS and
MERS, and its inhibition has been reported to relieve ALI
caused by viral infection [124, 126].

Complement deposits in lungs of COVID-19 patients

Presence of complement components in lungs of COVID-
19 patients indicated that complement protein deposits are
responsible for lung injury (Fig. 5) and the MBL lectin
pathway played a role in SARS-CoV clearance [62]. MBL
genotypes responsible for low sMBL have been found to be
the causative factor for SARS [62]. These findings were not,
however, compatible with Yuan et al. who demonstrated no
discrepancy between SARS patients and normal controls in
the MBL genotypes [64].

In SARS-CoV patients, the activation of component C3
aggravates ARDS caused by SARS-CoV [120, 127]. In
support of this, C3-deficient mice infected with compara-
ble SARS-CoV load, displayed reduced respiratory dys-
function and low levels of cytokines and chemokines in
lungs and sera [127], indicating that the inflammatory lung
symptoms in SARS-CoV-2 patients can be alleviated by C3
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inhibition [113]. Similarly, antibody blockade of the C5a-
C5aR1 decreased lung damage in transgenic mouse model
of MERS-related infection [128]. The sMBL deficiency is
therefore associated with an increased vulnerability to a
wide variety of infections, especially in children [129-131].
In contrast to serious Covid-19 patients, a small group of
health workers infected with mild CoV-2 infection showed
low serum C3, indicating the utilization of C3 in patient’s
defense [132]. The exact role of the complement system in
the pathogenesis of COVID-19, however, requires further
analysis [115].

Role of airway epithelial cells

In addition to immune cells in lung, airway epithelial cells
(ACEs) also assist in host defense against invading microbes
by expressing membrane-bound soluble PRRs. Some of
these proteins are secreted by AECs (such as MBL, lung
surfactant proteins SP-A and SP-D, the complement compo-
nents C3 and C5, pentraxin C-reactive protein, and pentraxin
3; serum amyloid A; H-ficolin) [133-136].

Lung SP-A and SP-D belong to collectin family of lectins.
These lectins bind to several microorganisms, resulting in
their killing, and enhancing their phagocytosis by alveolar
macrophages [73, 74]. SP-A and SP-D are capable of inter-
action with proteases such as MASP-1, -2 and can trigger
the lectin complement pathway. However, MASP-3 can acti-
vate the alternative pathway of complement. Further more,
MASPs play a role in other processes related to coagulation
and platelet activation.

In addition to sSMBL, collectin-10, collectin-11, and
ficolins (ficolin-1, ficolin-2, and ficolin-3) also participate
in the lectin complement pathway and act as mediators of
host defense. In order to modulate innate immune functions,
Collectin-10, -11 bind to pathogen-specific structures and
modified self-antigens and form complexes with pentraxins
[15, 68, 134]. The levels of SsMBL also influence the pro-
duction of cytokines and hence the inflammatory response
of the host [82]. Pediatric patients with sMBL gene poly-
morphisms are more vulnerable to developing sepsis and
systemic inflammatory response syndrome (SIRS) when
combined with low levels of functional sSsMBL [48, 135].
More kn’owledge is required for understanding of the role
of sSMBL in Covid-19’s pathogenesis.

MBL-mediated complement activation in systemic
disorders

The lectin pathway of complement and MBL-SNP poly-
morphisms has been described in diabetic complications
(“sMBL genotyping and genetic polymorphisms” section).
In diabetic patients, SMBL-mediated activation is impaired,
and alternative pathway amplification is lowered during
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bacterial infections [137]. Serum levels of proteins of the
sMBL pathway indicate the role of complement-dependent
inflammation in the pathophysiology of cardiovascular dis-
ease [137]. In post-traumatic brain injury, the presence of
components of lectin pathway, C3 fragments inside and out-
side brain vessels of contusions suggests the role of lectin
pathway in pathophysiology of brain injury [138].

Present therapeutic strategies of COVID-19

Many strategies have been directed towards the identifi-
cation of molecules that can be helpful in the control of
COVID-19. The present therapeutic options for COVID-19
include inhibitors of IL-6 and IL-1, anti-TNF-a agents, and
colchicine. Corticosteroids, selective cytokine blockade
by mAbs (e.g., anakinra or tocilizumab), and Janus kinase
(JAK) inhibitors can manage both the cellular entry of
CoV-2 and the inflammation. However, in immunological
problems, such as cytokine storms, antiviral therapy alone
is not effective and needs to be paired with other suitable
anti-inflammatory therapies.

Targets of complement inhibitors in COVID-19

Data have been provided showing that severe COVID-19
is linked to the activation of complement and support for
the quest of a therapeutic strategy against complement as
a target. Antibodies, recombinant proteins, peptides, small
molecules, and siRNA are included in Zelek et al.’s catalog
of complement therapies. Eculizumab, a humanized mAb
to C5, is the most common complement inhibitor in clinical
practice. It is used in patients with paroxysmal nocturnal
hemoglobinuria, atypical hemolytic uremic syndrome, myas-
thenia gravis, and neuromyelitis optica [139]. These thera-
pies mainly concentrate on adult COVID-19 patients requir-
ing oxygen, such as serious pneumonia, ALI, and ARDS.
Clinical trials are in progress to evaluate ravulizumab, vilo-
belimab (anti-C5a antibody), avdoralimab, and AMY-101.
Ravulizumab is being tested against ALI and COVID-19-as-
sociated cytokine storms. AIFX-1 mAb is a C5a inhibitor
and does not interfere with the role of C5b [140]. Avdorali-
mab, an inhibitor of solid tumors, is used in patients with
COVID-19. COVID-19-associated ARDS is being tested for
a new class of C3 inhibitors [105, 141]. RA101295, a C5
complement activation inhibiter, provides survival benefit. It
can abolish six sepsis-induced pro-inflammatory cytokines,
the expression of IL-6 and IL-8, induced via C5a signaling
and lowers coagulopathy [142].

Therapeutic applications of plant lectins
in COVID- 19

Viral glycoproteins as targets for plant lectins

Plants and natural products are excellent sources of antivi-
ral activity and immune regulation and are being attempted
to battle infections induced by resistant microorganisms,
including infection with SARC-CoV-2. Lectins are normally
identified by their CRDs based on glycan identification, i.e.,
specificity of CRDs with individual sugars (i.e., mannose,
glucose, N-acetylglucosamine, etc.). Increased amounts of
affinity for unique high-order sugar structures such as select
oligosaccharides can then be introduced by the structural
orientation of the human CRD in lectins. Several micro-
bial pathogens, like enveloped viruses, bear glycoproteins
on their surface. Carbohydrate moieties of glycoproteins act
as mediators for interactions between host cell membrane
and the virus fusion and take part in the viral infections.
Lectin-dependent therapy, based on protein—carbohydrate
interactions, can be used as a substitute to effectively tackle
microbial diseases in the future [143-150].

N-glycans present in SARS-CoV spike glycoproteins are
high-mannose (Man5-9GIcNAc2) complexes with and with-
out dividing GlcNAc and core fucose [151]. Two targets of
possible antiviral intervention in SARS-CoV-2 are as fol-
lows: first is the replication cycle of the virus and the sec-
ond target is located at the end of the infectious virus cycle.
High-mannose polymers or mannose-containing glycopro-
teins are suitable targets for pMBLs. Targeting the structural
proteins or cellular receptors of SARS-CoV-2, including S
protein and human ACE2, holds promise for the prevention
of infection.

Two identified targets for neutralization of SARS-
CoV-2 are as follows: the virus replication period and the
end of the virus infection cycle. But for pMBLs, high-man-
nose polymers or mannose-containing glycoproteins are
acceptable targets. The targeting of SARS-CoV-2 struc-
tural proteins or cellular receptors, including S protein and
human ACE2, is promising for infection prevention.

Prevention of host-virus interaction by plant MBLs

In higher plants, mannose-binding lectins are omnipresent,
where they act in recognition of "high-mannose style glycans
of foreign microorganisms or plant predators’ [19, 143—-150].
In addition to their carbohydrate specificity, plant mannose-
binding lectins and animal mannose-binding lectins greatly
differ in their size, composition, and 3D structures. Many
plant lectins like edible garlic (Allium sativum) display a plu-
rality of biological effects including immunomodulations.
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While some garlic immunomodulatory proteins have been
identified, their specific characteristics are still unknown
[152]. Immunomodulatory activity is known to lead to two
main garlic pMBLs, and their features are markedly similar
to the plentiful Allium sativum agglutinins I and 1T [124,
153—158]. It is understood that garlic lectins cause anti-
inflammatory responses, but much of the study to date has
centered on garlic’s inhibitory effect on mononuclear cell/
macrophage function. Garlic oil enhanced the lymphocyte
proliferation rate accompanied by an elevated production
of IL-2, IFN-y, IL-4, and IL-10 [159]. Allium sativum lec-
tins have binding affinity to high-mannose oligosaccharide
chains. The best manno-oligosaccharide ligand is Man-
9GIcNAc2Asn, which bears several ol-2-linked mannose
residues and needs attention for studies of antiviral activity
[160]. Structural studies revealed that the mannose-bind-
ing specificity of lectins is mediated by distinct structural
scaffolds.

The mannose-specific legume lectins possess the “canoni-
cal twelve-stranded B-sandwich domain (f-sandwich struc-
ture comprising opposing antiparallel p-sheets),” while the
monocot mannose-binding lectins (such as Galanthus nivalis
agglutinin or GNA, and lectins from banana or rice) pos-
sess a “P-prism structure” Jacalin, in addition to galactose,
also bind to mannose and mannose-containing glycans.
The presence of diversified structural domains in pMBLs,
responsible for binding of high mannose-containing glycans,
indicates the importance of pMBLs as recognition molecules
in higher plants [161-163].

Several plant lectins have been studied in different experi-
mental models of infection [19, 153, 157]. The interaction
of plant lectins with immune cells depends on the glycan
moieties present on the cell surface. Cell surface interactions
are important in signal transduction, which are involved in
the response to microbial pathogens [154, 155]. Plant lectins
modulate the production of cytokines and other mediators
of the immune response (such as reactive oxygen) and thus
improve defenses against microbes [164, 165].

Antiviral lectins with specificity for glycan structures

Several plants, algae, and fungi contain lectins with affinity
toward mannose and N-acetylglucosamine (GlcNAc) sugar
moieties act potential therapeutic agents for the prevention
of viral transmission of HIV, SARS-CoV, and MERS-CoV
[146] (Table 1) [164, 166, 167]. Plant lectins for specificity
of glycan structures against SARS-CoV have been identified
[146]. Among many carbohydrates, mannose-binding lectins
(pMBLs) show strongest anti-coronavirus activity. In addi-
tion to mannose, some galactose-, N-acetylgalactosamine-,
glucose-, and N-acetylglucosamine-specific plant lectins
also exhibit anti-coronaviral activity. A positive correlation
between the EC50 values of pMBLSs against coronaviruses
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SARS-CoV, MERS-CoV, and HIV has been suggested [144,
146]. Antiviral plant lectins [144, 146, 149] interfere with
viral replication, as in HIV infection, and inhibit viral fusion
with target cells. SARS infectivity is diminished by those
pMBLs, which are specific for 12 N-glycosylation sites pre-
sent in the SARS-CoV spike protein [168]. Antiviral lec-
tins with low toxicity offer therapeutic potential and can be
included as agents for preventing entry of the virus into cells
[144, 149].

Antiviral mannose-binding legume lectins

The family of legume lectins has been extensively studied.
Legume lectins are mainly present in seeds, but smaller
quantities are also found in roots, bark, stems, and leaves of
plants of legume lectins (Fabaceae genus). Legume lectins
play important role in the defense of plants against pests.
Similar proteins are present in other plant families and in
mammals. A lot of structural information of plant lectins has
been derived over the years [144, 145]. Phyto-hemagglutinin
(PHA) and Concanavalin A (ConA) or C. ensiformis aggluti-
nin are well-studied members of this lectin family. PHA and
ConA are similar in structure characterized by p-sheets that
are connected by o turns, p turns, and bends. CRD residues
are conserved in most ConA-like lectins. Yet they differ in
biological activity and capacity to bind with different ligands
[143]. The conserved monosaccharide binding site is present
in a variable loop in which four conserved residues from
four different regions in protein bestow monosaccharide
specificity and a number of subsites around the monosac-
charide binding site that harbors additional sugar residues
or hydrophobic groups.

A lectin from the seeds of red kidney beans (Phaseolus
vulgaris) had a suppressive effect on the growth of fungal
species [149]. Monomeric MBL from edible chives (Allium
tuberosum) demonstrated mitogenic activity and inhibitory
activity in murine splenocytes against human HIV1 reverse
transcriptase. HIV1 and HIV2 strains and therapeutic iso-
lates in multiple cell types are selectively blocked by Galan-
thus nivalis (GNA) and Hippeastrum hybrid (HHA) lectins.
These lectins also inhibited infection of T lymphocytes by
different of mutant strains of HIV. GNA and HHA inhibited
syncytium formation between infected HIV cells and unin-
fected T lymphocytes [149, 169, 170] (Table 1).

The FRIL lectin from hyacinth beans has activity against
influenza and anti-SARS-CoV-2. In mice, FRIL is safe
against HIN1 viral infection. FRIL is capable of aggregat-
ing influenza particles and blocking their nuclear entry as a
homotetramer. FRIL also neutralizes SARS-CoV-2 prevent-
ing viral protein production in host cells and offers a poten-
tial application for the treatment of influenza and COVID-19
[163]. Lectins such as C. ensiformis agglutinin (Con A),
Lens culinaris agglutinin (LCA), Vicia faba agglutinin, P.
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Table 1 Some important antiviral mannose-binding plant lectins

S. no.

Species name

Lectin name

Glycan specificity

Oligomeric structure

(subunit MW, kDa)

Activity against virus

References

11

12

14

15

16

17

18

19
20

Artocarpus integri-
folia

Musa acuminate

Jack-bean (ConA)

Polygonatum Cyr-
tonema Hau

Urtica dioica

Myrianthus holstii
FRIL dolichos lablab

Galanthus nivalis
Hippeastrum hybrid

agglutinin
Scilla campanulata

Cymbidium hybrid
Epipactis helleborine
Listera ovata
Griffithsia sp.
Cyanovirin-N
Microcystis viridis

lectin

Oscillatoria agardhii
agglutinin
Scytovirin

Boodlea coacta

Kappaphycus alva-
rezii

Jacalin

BanLec

ConA

PCL

UDA

MHL
FRIL

GNA

HHA

SCL

CA

EHA

LOA

Griffithsin (GRFT)

CV-N

MVL

OAA

SVN

BCA
KAA-2

Galp(1,3), o (1,6)
GalNAc, Mannose

o-1,6 mannotetrose

a-D manno/glycosyl,
a-1,3 mannosyl/p-
1,3-glucosyl

a-D-mannoside, o-D-
glucoside

o (1,3)dimannoside
GlcNAc4

GIcNAc, Mannose

Trimannosid
Trehalosamine,
aa-trehalose

ol-3 or al-6 linked
mannoses

o(1,3), o(1,6)-

(1,3:1,6)-
mannotriose (

Mannose

Mannose

Mannose

o (1,2), a(1,6), man-

notetrose, Man-9
Man-8 and Man-9

Man6GIcNACc2

Man-9

Mannose-oligosac-
charides

ol-2(Man)
«l-3 (Man)

Tetramer (16.5)

Tetramer (15)

Tetramer, (26.5)
Dimer (12.0)
Monomer (8.5)
Monomer (9.2)
(ap)2 four a chains
(14-22 kDa)
and one f chain
(10 kDa) (67)
Tetramer (12.4)
Tetramer (12.5)
Tetramer (13.1)
Dimeric, (12-13)
Not known
Dimeric, (12,5)

Dimer (12.7)

an

(13)
(13.9)
Monomeric (9.7)

13,812 Da
(30-35)

HIV

HIV, HCV, HIN1,
H3N2

HIV, HSV
HIV

HIV, CMV, RSV,
HIN1, SARS-CoV

HIV1
HIV1, SARS-CoV-2

Hepatitis C, Corona
virus

Hepatitis C, Corona-
virus

HIV

HIV1, CMV, RSV,
HINI1

HIV1, CMV RSV,
HINI

HIV1, CMV, RSV,
HINI1

HIV1, HIV2,
Ebola,SIV,HINI,
HSV, measles

HIV
HIV1, HIV2

HIV1, Ebola

HIV, HIN1
HINI1

[144-147, 169]

[144-146, 162, 168,
170, 173]

[144-146, 170]

[145]

[145, 168, 170]

[145, 170]
[163, 172, 178]

[144-146, 163,
168-170]

[169]

[145]

[144, 145, 149, 161,
179]

[144, 149, 161, 169]

[144, 149, 161, 179]

[145, 172, 168, 169]

[144-146, 170]

[145]
[57, 163, 165]
[145, 170]
[163, 172, 178]

[144-146, 163,
168-170]

BCoV bovine coronavirus, CMV cytomegalovirus, CoV corona virus, HIN1 influenza A virus, HCoV human coronavirus, HCV hepatitis C virus,
HIV human immunodeficiency virus, H/VI human immunodeficiency virus 1, H/V2 human immunodeficiency virus 2, HSV-2 herpes simplex
virus 2, IBV infectious bronchitis virus, JEV japanese encephalitis virus, MHV mouse hepatitis virus, PCoV puffinosis coronavirus, RSV respira-
tory syncytial virus, SARS-CoV-1 severe acute respiratory syndrome coronavirusl, SARS-CoV-2 severe acute respiratory syndrome coronavirus
2, SHIV simian-human immunodeficiency virus, SIV simian Immunodeficiency Virus

sativum agglutinin (PSA), and PHA-E bind to the envelope
gp120 and inhibit fusion of HIV-infected cells with CD4
cells through a CRD- interaction with HIV-infected cells.
Moreover, HIV-1 reverse transcriptase activity is blocked by
G.max agglutinins [170, 171] and pMBLs from Artocarpus

integrifolia (Jacalin), Polygonatum cyrtonema Hau (PCL),
Urtica dioica (UDA), and Listera ovata (LOA) have been
found to demonstrate antiviral activity (Table 1).
Solomon’s Seal (Polygonatum multiflorum), Mistle-
toe (Viscum album), Iris (Iris hybrid), and Yellow wood
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(Cladastris lutea) are the other plants which possess antivi-
ral lectins against influenza virus. Two members from red
algae family have been identified to contain MBP and exhibit
antiviral properties against viruses such as herpes, HIV,
hepatitis C and Ebola, as well as SARS. These viruses have
similar glycoprotein envelopes. The effects of plant-derived
pMBLs have been studied in vitro on SARS-CoV and feline
infectious peritonitis virus (FIPV). Of the pMBLs tested,
20 antiviral lectins are listed in Table -1. In addition, some
other lectins were antiviral against only SARS, two antiviral
against only FIPV, and only eight of the lectins were not
antiviral against any of the viruses [168].

Antiviral mannose-binding nonlegume lectins

Griffithsin (GRFT), cyanovirin-N (CV-N), Microcystis vir-
idis lectin, scytovirin, and banana lectin (BanLec) belong to
the group of antiviral nonlegume lectins with encouraging
results. Among these, BanLec has been considered as an
active antiviral microbicide to prevent infection [147, 166,
171-175]. An engineered banana pMBL has been shown
to retain broad-spectrum activity against multiple influenza
strains, including avian strains and largely eliminated harm-
ful mitogenicity of the parent compound [173].

One of the most active viral inhibitors discovered to date
is Griffithsin (GRFT), an algae-derived lectin from lower
plants. It works as a microbicide against many enveloped
viruses with a broad-spectrum function and can inhibit HIV
infection at 107> M (pM) concentrations. Griffithsin’s anti-
viral function is located in its CRD to bind terminal man-
noses contained in high-mannose oligosaccharide glycans
of the glycoprotein present on the surface of the viral enve-
lope [147]. In order to establish innovative therapies in the
field of viral infections, more study is required to investi-
gate algae-related lectins that identify other sugar structures
including sialic acid and N-acetyl glucosamine (Table 1).

Two kinds of MBPs are present in the orchidaceae spe-
cies: Listera ovata and Epipactis helleborine. Seven of these
pMBPs possess agglutination activity and exist as dimers
of 11-13 kDa subunit each, the eighth MBP is a monomer
of 14 kDa. A dimeric lectin, isolated from leaves of the
twayblade (Listera ovate), is made up of two subunits of
12.5 kDa, each having specificity towards mannose and inac-
tivating HIV1, CMV, RSV, and HIN1 [168, 174]. pMBLs
from sunflower seedlings show antifungal properties [176].
The mushroom, Agaricus bisporus, pMBL, and the possible
occurrence of various other lectins in other species offer
therapeutic potential toward cancer cells and a stimulatory
effect on the immune system [150].
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Conclusions

According to available scientific information on CoVs infec-
tion and the genomic organization of SARS-CoV-2, there
are many potential therapeutic targets in humans to develop
effective therapies against SARS-CoV-2. The antiviral thera-
peutics can inhibit the virus replication or stop the entry
of the virus into host cells. The main feature of the devel-
opment of modern therapeutics against infectious diseases
is the understanding of host—pathogen interactions. Since
sMBL plays an important role in innate immunity, patients
may be predisposed to SARS-CoV-2 infection by genetically
determined low levels of sMBL. Studies on complement sys-
tem dysfunction recommend looking for novel therapeutics
against complement as a target. Several genetic mutations
and SNPs can be a risk factor for cytokine storms in COVID-
19 arising in a serious disease course and incidence. Prior
studies on coronaviruses, mannose-specific plant lectins
offer potential applications to prevent SARS-CoV-2 infec-
tion in humans.

Since the SMBL plays an important role in innate immu-
nity, genetically determined low levels of sMBL can pre-
dispose patients to SARS-CoV-2 infection. Studies on
dysfunction of complement system suggest the search of
novel therapeutics against complement as target. Several
genetic mutations and SNPs may form a risk factor for a
severe disease course and the occurrence of cytokine storms
in COVID-19. Based on prior studies on coronaviruses,
mannose-specific plant lectins offer potential applications
to prevent SARS-CoV-2 infection in COVID-19.
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